| INTRODUCTION
The marine environment is an exceptional source of both biological and chemical diversity, still largely unknown, although it has been exploited since ancient times. It has been estimated that 25% of the total number of species on Earth come from the marine environment. 1 The uniqueness of this hostile environment in terms of light, salinity, pressure, space, gave birth to original organisms and bioactive substances, many of which exhibit characteristics not found in the terrestrial environment. Numerous research teams across the world have investigated and continue to explore the application of marine ingredients in areas such as pharmaceuticals, human food, animal feed, biomaterials, or cosmetics. Furthermore, a specific science is dedicated to the study of marine compounds with pharmacological properties: marine pharmacology. 2 Many of these ingredients are secondary metabolites, not associated with primary functions such as development, growth, or species spreading. A recent review reported that researchers have isolated approximately 7000 marine natural compounds, 25% of which are derived from algae, 33% from sponges, 18% from coelenterates, and 24% from other invertebrate phyla. 3 Recent reviews recorded the identification of more than 28 000 marine compounds, of which at least 3000 exhibit bioactive properties, and hundreds of new compounds being discovered each year. 1, 4 Few of them have been marketed or are under development, for various reasons including cost, time, and difficulties in harvesting the organism, low concentrations of natural compounds in producing organism, high toxicity of certain compounds, ecological issues, or insufficient investment by laboratories. 1 Notwithstanding these difficulties, marine drug discovery continues to develop thanks to technological developments facilitating structural elucidation and screening, and recent advances in understanding marine organisms. For several years now, researchers have investigated microorganisms 1, 4 and, very recently, virus that lives in the world's oceans and plays a significant role in the population ecology of marine organisms and microorganisms.
Due to the rejection of animal-derived ingredients, algae are preferred by the cosmetic industry. Few speciality ingredients' suppliers sell to cosmetic manufacturers algae-derived ingredients of different natures (such as roughly or finely grinded algae powders, aqueous, or oily extracts that can be prepared by various different extraction processes) and from different species (Laminaria digitata, Undaria pinnatifida, Palmaria palmata, Ulva lactuca, etc.), which are from different geographical origins. Some of them were evaluated in vitro, and more rarely by clinical studies, to prove their beneficial activities on skin. The benefit claims are numerous: anti-aging, free radical scavenging, soothing, preventing redness, depigmenting, slimming, etc.
However, assessment methods are less complex than those of marine pharmacology and mostly consist of isolated in vitro assays focusing on specific biological markers that are relevant for the cosmetic industry (such as collagen I or hyaluronic acid synthesis by human dermal fibroblasts). Very few algae derived ingredient suppliers carry out exhaustive in vitro studies to get a comprehensive view of the activity of ingredients on the skin. However, in recent years, exhaustive studies could finally be performed thanks to the rise of high-throughput technologies such as "omics."
These "omics" approaches share the same goal of assessing whole cell working and complexities using nonrestrictive means of observation. This enables to assess whole pathways and pathways interactions, regulation and functional networks, by choosing untargeted methods, analyzing a very large number of entities of the same type. They also enable to answer new questions after the initial analysis. On the other hand, these data have to be analyzed using specific tools and methods, while taking into account each analytic paradigm feature.
Most used "omics" paradigms included genomics (whole genome sequencing, SNPs), transcriptomics (gene expression and regulation), proteomics (protein expression and regulation), and metabolomics (metabolites). They allowed identification of biomarkers for exposition, effects or susceptibility, discovery of new knowledge in mechanistic studies, or creation of new predictive toxicology tools.
Proteome is defined as the collection of proteins of a biological sample in given time and conditions (including the organism's responses to environment or internal signals such as hormonal or chronobiological ones). By definition, proteome is thus dynamic unlike cell genome, which remains relatively stable. Proteomics is a method of choice for assessing active compounds' effects, as they study proteins, which are some of the cell's final effectors, and thus closely related to phenotypes. This idea has proven to be relevant because multiple studies showed that proteomics results were often not correlated with transcriptomics. [5] [6] [7] [8] [9] Skin proteomics is taking increasing importance, with more than a hundred articles published each year for the last 3 years. It allows for various samples to be tested in vitro (primary fibroblasts or keratinocytes cultures), as well as ex vivo (skin explants and reconstituted epidermis) or in vivo, with skin swabs and D-Squames. Dermatology, therapeutics as well as cosmetology, has used it for studying the mechanisms of UV damage and "photo-aging," inflammation, differentiation, skin barrier, and it allowed to discover potential diagnostic markers, 10 to understand tegumentary structure and potential reinforcing treatment, 11 or active substances or pollution effects on skin. 12, 13 It also has been shown recently that proteomics and transcriptomics may show discrepancies due to a variety of post-transcriptional regulations, making proteomics the shortest, straightest path to phenotype. 6, [14] [15] [16] The activity on the skin of ingredients from algal origin and, more broadly, from marine origin is hardly ever evaluated with "omics"
technologies. To our knowledge, only genomic analysis has been used for such purposes, and no cosmetic ingredients from marine or maritime origin have been evaluated using a proteomic approach.
Accordingly, we aimed to evaluate the activity on the skin of an association of ingredients from marine and maritime origins by a label-free quantitative proteomic and customized data processing approach. The tested blend is composed of carefully selected ingredients based on their molecular composition and their bioactivities substantiated by individual in vitro tests: a yeast-derived amino acidenriched giant kelp (Macrocystis pyrifera) extract, a naturally trace element-enriched seawater, and dedifferentiated sea fennel (Crithmum maritimum) cells. The three ingredients were combined in an aqueous gel, which was then topically applied on human skin explants. The skin explants' proteome was analyzed in a label-free manner by high-performance liquid nano-chromatography coupled with tandem mass spectrometry. A specific data processing pipeline providing an objective interpretation of the statistically relevant biological activities processed the results in order to get a comprehensive view of the effects of the association of marine and maritime ingredients and predict its clinical benefits if used in a skin care product.
| MATERIALS AND METHODS

| Tested product
In this study, we tested an association of the following specialty ingredients from marine and maritime origins: sterilized TONIKELP France) which is a fine powder composed of dedifferentiated sea fennel C. maritimum cells. The selected giant kelp extract is enriched with yeast-derived amino acids. The activity on the skin of this nutrientenriched algae extract was evaluated by a genomic analysis followed by some complementary in vitro assays, performed to confirm the results of the first study. These unusual in vitro studies have revealed the anti-aging potential of the algae extract, which could preserve skin cells against oxidative stress and enhance the dermal fibroblast proliferation and the synthesis of the extracellular matrix (P. L. Liliane
Pellegrini & P. M. Max Pellegrini, unpublished data). The natural trace element-enriched seawater is a water drawn in Brittany from a natural underground reservoir more than 22 m in depth. As the seawater percolates down through tiny cracks and fissures before reaching the reservoir, it dissolves the sandy and then granitic bedrocks that characterize the area where the reservoir is located. As a consequence thereof, the seawater is enriched with silicon, manganese, and zinc compared with a standard seawater, while containing typical minerals such as sodium, potassium, calcium, and magnesium. These minerals and trace elements are recognized as essential for skin health. 17 In vitro studies have shown that the natural trace element-enriched seawater topically applied on reconstructed epidermis or skin explants improved the barrier function of the skin by stimulating the synthesis of epidermal lipids by keratinocytes and by strengthening cell adhesions. The dedifferentiated sea fennel cells are whole totipotent vegetal stem cells. They are derived from sea fennel C. maritimum, also called samphire or rock samphire, which is one among these unique plants able to adapt to hostile environments (high salt concentration, arid soil, and climate), by synthesizing large amounts of antioxidants to protect itself. The dedifferentiated sea fennel cells originate from plant stem cell technology, which is currently a new source of innovative cosmetic ingredients. 18 They differ from the differentiated plant cells by their richness in phenolic acids and more specifically in chlorogenic acid derivatives. Previous studies disclosed a positive influence of dedifferentiated sea fennel cells on epidermal regeneration, skin barrier recovery, and the inhibition of melanogenesis. 19, 20 The three active ingredients were formulated in an aqueous gel as described in Table 1 . In brief, glycerin and preservatives were mixed together and added to water. Then the addition of the synthetic gelling agent under stirring jellified the solution. Finally, the three active ingredients were successively added to the gel under stirring. All the steps were performed at room temperature.
| Human skin explants and treatment protocol
The effect of the association of ingredients from marine and maritime origins was examined in vitro using a skin explant model. This model was preferred as it is the closest to a real human skin, and as it is possible to evaluate the activity of the tested gel on the different compartments of the skin (epidermis and dermis) and its various cell types. 26, 27 ).
In a second step, overrepresentation outputs were validated based on biological and experimental background, filtering out inappropriate terms. Enrichment was consolidated, both within and between ontologies, based on parent-child relationships as well as functional relationships. Available protein data were analyzed using natural language processing, semantic search, and data mining with In a third step, we used information about the assay and active substance, together with our observations and analysis results to substantiate claims about active substance cosmetic potential.
3 | RESULTS
| Skin explants' proteins identification and quantification
The whole data related to skin explants' proteins identification and quantification are provided as supplemental materials. The differences between chromatograms of each condition revealed an impact of the gel treatment on skin explants' proteomes (data not shown).
Overlapping of each condition's 3 samples' chromatograms proved reliable intrasample reproducibility.
The total number and the average number of proteins and peptides, which were identified in treated and untreated skin explants, are reported in Tables 2 and 3 104 (12%) were significantly but moderately downregulated (qvalue < 0.,05; 0.5 < fold change < 1), 236 (26%) were significantly but moderately upregulated (q-value < 0.05; 1 < fold change < 2), and 14 (1.6%) were significantly and strongly upregulated (qvalue < 0.05; fold change > 2 or +∞). Overall, 64 proteins were significantly and strongly regulated by the gel treatment compared with the untreated condition. As previously explained, only these 64 proteins were subjected to the CORAVALID analysis in order to determine the biological impact of the gel treatment on skin explants and its significance. A summary of the 64 significantly and strongly regulated proteins is provided in Table 4 , and the enrichment analysis results from CORAVALID's first step, which was used as basis for further consolidation, information extraction and biological effect interpretation are provided as supplemental materials.
| DISCUSSION
Skin is the largest organ of the human body. It undergoes natural aging caused by intrinsic factors (cellular senescence) but also extrinsic ones as it is continuously exposed to harmful stresses and damages from environmental sources (sun exposure, dehydrating ambient air, pollution, and chemicals coming from human industrial and daily activities, etc.). 28 Skin also endures directly or indirectly some detrimental features of human modern life style (refined sugar-rich and fat-rich diet, skin's microbiota disruption by repeated use of antimicrobial cleansing, work-related stresses or societal pressure, sleep deprivation and circadian rhythm desynchrony, etc.). 28 As skin is the most external organ of the human body, aging-related changes deeply impact our social experience as the skin appearance has a significant psychological influence on our life quality. 29, 30 Intrinsic and extrinsic skin aging have characteristic clinical features, but skin often undergoes a combination of both. Histological and ultrastructural studies have revealed deep modifications in skin structures and functions, as detailed below in the outcomes of this study. 31 To help the readers, results are discussed according to the comparison between the gel-treated skin explants and the untreated skin explants. The regulated proteins are mainly named with their UNI-PROT identifiers, and one can refer to the Table 4 to get their full names. Additionally, the upregulated proteins figure in green and the downregulated proteins figure in red. T A B L E 4 (a-d) Summary of the 64 proteins which were significantly and strongly regulated in skin explants, 48 h after being treated by the marine and maritime ingredient-containing gel compared to the untreated skin explants. Each Both are related to the Notch pathway and potentially mediate its effects on the NF-kB pathway. They could be both involved in DNA repair, as SF3B3 is part of the STAGA (SPT3-TAF(II)31-GCN5L acetylase)-HAT (histone acetyltransferase) complex, and SFPQ may act with NONO factor to repair double-strand DNA breaks. It is also worth noting that while not being related to any enriched term, the ribonuclease T2 (RNT2) was underexpressed and could thus also influence mRNA processing and phosphate scavenging. 32 In addition, the hepatoma-derived growth factor (HDGF) 33 identified in human skin in recent years, and it has been shown they are involved in the regulation of skin homeostasis 34 and in some skin diseases. 35 These suggest that some changes potentially occurred regarding isoforms, as well as mRNA turnover and interferences, all of which could change cellular protein equipment and changing functions. It is interesting to note that the observed regulations were close to those induced by retinoids. Retinoids are the group of vitamin A derivatives such retinoic acid, tretinoin, isotretinoin, or retinol, which are well known in dermatology to improve acne and the appearance of aged skin by decreasing fine lines, wrinkles, and hyperpigmentation. However, their use in cosmetics is restricted due to side effects (erythema, scaling, dryness, and pruritus). 39 Topical treatment of skin with retinoids is known to induce a high stimulation of keratinocyte proliferation and migration and a downregulation of the epidermal differentiation process. Bernard et al 40 studied the transcriptional effect of retinoid (all-trans retinoic acid, 9-cis-retinoic acid, and alltrans-retinol) treatments in reconstituted human epidermis. In our study, we observed similar regulations of keratin 6B (K2C6B), interleukin-1 receptor antagonist protein (IL1RA), and calgranulins A and B (S10A8, S10A9). Then, as previously explained, in this study, we selected for the CORAVALID analysis statistically significant proteins whose fold changes were equal or inferior to 0.5 or equal or superior to 2. Besides these thresholds, we observed after the gel treat- cine, tryptophan, tyrosine, phenylalanine, and arginine. As skin ages, its expression and activity levels decrease, as well as the downstream integrin signaling. 43 The SLC3A2 gene deletion in mice impacted skin keratinocyte proliferation and migration, resulting in disturbed cutaneous homeostasis and the wound-healing process. 43 Boulter et al concluded that CD98hc could be a marker of the capacity of skin to regenerate itself. The upregulation of 4F2 by the gel treatment is thus very interesting in view of reducing the signs of skin aging and restoring proper structure and function to the epidermis.
Based on all the observed effects on the epidermis, one could presume that the association of the trace element-enriched seawater, the giant kelp extract, and the dedifferentiated sea fennel cells opposes the age-related thinning of the epidermis and the impairment of the skin barrier function, thereby contributing to the improvement of the skin hydration and texture, making the latter less coarse. Given the observed retinoid-like activity, one could also presume that the active ingredients help to reduce skin imperfections, fine lines, and wrinkles. | 365 and the use of sugars in others metabolic pathways. The propanoate and the butanoate metabolisms also appeared to be regulated toward the acetyl-CoA supply of the citric acid cycle, as well as the beta-alanine, ascorbate, and glyoxylate metabolisms, although enrichment for these pathways is somewhat less robust. Indeed, the raw enrichment analysis was significant (P-value < .05) but insignificant after multiple testing corrections. In this study, the latter was very stringent, and we considered these regulations to be relevant as they were consistent with other observed phenomena and involved, at least partly, in common enzymatic reactions.
| Effects on the skin cell metabolism
The lipid metabolism, and more precisely, the fatty acid biosyn- To sum up, cell metabolism would be oriented by the gel treatment toward glycolysis and the citric acid cycle, instead of lipid metabolism and ketogenesis. Such a phenomenon could be related to a Warburg effect, which is a characteristic metabolism of highly proliferative cancer cells or embryonic cells, 44 which, in our case, could be related to the epidermal stem cells. Considering that the treatment of the skin explants with the active gel seemed to favor the proliferation and the migration of the epidermal keratinocytes, it could be hypothesized that the cell metabolism regulation contributed to sustain a high-energetic requirement.
| Effects on the dermis and the extracellular matrix remodeling
An age-related loss of collagens, major structural proteins in the skin, and a reduced number of the dermal fibroblasts mainly characterize the aged dermis, which appears thinner than in young skin. 31, 45, 46 A disorganization of the dermal elastic materials and the glycosaminoglycan-rich extracellular matrix has also been observed in the aged dermis. These changes have been related to an increased fragility, a loss of firmness, and elasticity of the skin, leading to wrinkles and global sagging of the body volumes. The stimulation of the collagen synthesis is one of the main skin anti-aging strategies to oppose the age-related loss of collagen and thinning of the dermis. By stimulating the synthesis of collagen I and collagen III, it could be expected that the association of the trace elements-enriched seawater, the giant kelp extract, and the dedifferentiated sea fennel cells opposes the age-related thinning of the dermis, the formation of wrinkles, and contributes to improve the biomechanical properties of aged skin in order to reduce skin sagging.
| Effects on the inflammatory pathways
The active-containing gel had an influence on the inflammatory processes within the topically treated skin explants compared with the untreated ones, with the regulation of proteins involved in both anti-inflammatory and pro-inflammatory responses, although the former would be the more dominant.
The nuclear factor-kappa B (NF-jB) is a key transcriptional factor in the regulation of the inflammatory processes, which can influence cell behavior by modulating gene expression in response to different stresses such as free radicals, ultraviolet exposure, chemicals, or pollutants. 49, 50 It was recently hypothesized that a lifelong chronic lowintensity stress exposure could continuously activate the NF-jB signaling pathway, achieving a chronic low-grade inflammation in the skin and thus contributing to premature aging. 49 In our study, the NF-jB signaling pathway would be inhibited by the gel treatment, as it is induced by the Notch signaling pathway (which would be also inhibited as previously discussed) and by the interleukin-1. The latter would be inhibited as well thanks to the upregulation of the interleukin 1 receptor antagonist (IL1RA), which inhibits the interleukins 1 alpha (IL1A) and beta (IL1B) by binding the interleukin 1 receptor 1 (IL1R1), thus preventing its linking to the coreceptor interleukin 1 receptor accessory protein (IL1AP) and the final induction of NF-jB.
Then, if activated, the NF-jB signaling pathway would stimulate the expression of the thymosin beta 4, X-linked (TYB4), which was downregulated in our study, supporting an inhibition of the NF-jB signaling pathway.
We also observed the upregulation of the prostacyclin synthase (PTGIS) which catalyzes the isomerization of the prostaglandin H2
into prostacyclin, also known as prostaglandin I2. Prostacyclin is a strong vasodilator, inhibits the platelet aggregation, and prevents the TGF-beta-induced fibrosis by inhibiting the RAS/MEK/ERK signaling pathway. [51] [52] [53] In skin, it was described as part of an anti-inflammatory response. 54 The gel treatment also impacted the level of the protein kinase C-delta (PRDBP), which is activated by the diacylglycerol and potentiates the immune functions. It is interesting to note that the PKCdelta mediates the epidermal growth factor signaling pathway, and is activated during wound healing. 55, 56 We also noted a downregulation of the pro-inflammatory thrombin (THRB) 57, 58 and of the prothymosin alpha (PTMA), the latter stimulating an immune response of the type TH1.
59,60
Furthermore, we observed some pro-inflammatory regulations.
Calgranulins A and B, also known respectively as the S100 calciumbinding proteins A8 and A9 (S10A8, S10A9), were upregulated by shown before, which shows that while we observe some elements related to hyperproliferative inflammatory diseases, the similarities are far from being absolute.
| Effects on the melanogenesis
Skin aging is also characterized by an uneven pigmentation, mainly driven by extrinsic factors such as daily ultraviolet and pollution exposures. 31 Uneven skin pigmentation has been shown to be a leading factor of the overall aged skin appearance. 61 It has its origin in vascular alterations and in melanocyte dysfunctions leading to the formation of localized abnormal brown hyperpigmentation. 31, 61 The active ingredients contained in the gel could influence skin pigmentation. A downregulation of the premelanosome protein (PMEL) was observed. PMEL is a melanocyte-specific glycoprotein found in melanosomes, which are the intracellular organelles sheltering the melanin synthesis. 62 PMEL is involved in the formation of fibrillar sheets within the melanosomes that serve as a template upon which melanins polymerize as they are synthesized. PMEL is required for the biogenesis and the maturation of the melanosomes and characterizes the transition of the melanosomes from type I to type II. Its' downregulation by the gel treatment could thus contribute to limit the melanogenesis. It is interesting to note that it was recently shown that the apolipoprotein E (ApoE) regulates the formation of PMEL amyloid fibrils in endosomes and consequently melanosome maturation, within melanocytes. 63 ApoE was downregulated by the gel treatment, with a fold change close to the threshold value required for CORAVALID analysis (APOE; 90.64), supporting the hypothesis of an inhibition of melanosome formation and thus a downregulation of melanogenesis.
The gel treatment-induced restriction of the inflammatory processes could contribute to reduce unpleasant redness and to decrease the collateral induction of oxidative stress, which constitutes a melanogenic signal. The melanin production would be better controlled in order to prevent abnormal pigmentation linked to inflammation such as the solar lentigines and the postinflammatory hyperpigmentation. 64 HAMEURY ET AL.
| 367
Moreover, the activation of the citric acid cycle (ODO1) could contribute to increase the level of NADH/NADPH, which is required for the recycling of glutathione. Glutathione is an important tripeptide involved in the maintenance of the cell redox homeostasis and in the quenching of reactive oxygen species, thereby contributing to decrease the oxidative stress. In addition, a high level of glutathione was also showed to favor the production of pheomelanin in the melanocytes, a sulfur-containing reddish-yellow melanin lighter than the brownish black eumelanin. 65 Indeed, glutathione can be processed by a glutamyl-transpeptidase to produce cysteine, a sulfur-containing amino acid required for the spontaneous conversion of dopaquinone leading to pheomelanin synthesis. This process is thermodynamically more favorable than the production of the dark eumelanin, which occurs only when the intracellular pool of cysteine is depleted. By potentially increasing the level of glutathione, the gel treatment could contribute to modulate the melanogenesis, by favoring the synthesis of pheomelanin, thus lightening the skin pigmentation.
Due to the stimulation of keratinocyte proliferation and migration, the restriction of the inflammatory processes and the inhibition, or at least the modulation, of melanogenesis by the gel treatment, an improvement of skin tone in terms of luminosity and homogeneity, and a reduction in age spots could be expected in a clinical study for the evaluation of a cosmetic formula containing the association of the trace elements-enriched seawater, the giant kelp extract and the dedifferentiated sea fennel cells.
| CONCLUSIONS
The purpose of this study was to carry out a comprehensive evaluation of the activity on skin of an association of ingredients from marine and maritime origins, composed of a trace element-rich seawater, a yeast-derived amino acid-enriched giant kelp extract and dedifferentiated sea fennel cells, formulated in a gel, using a label-free quantitative proteomic and customized data processing approach, in order to predict the clinical benefits if used in a skin care product. To our knowledge, only isolated in vitro assays focusing on specific biological markers or genomic analysis have been used for such purposes, and we are the first to assess the activity on skin with cosmetic ingredients from marine or maritime origin using a 
